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Evolutionary convergence is the independent evolution of the 
same phenotype in response to the same ecological challenge 
(Stern, 2013). Convergent systems allow us to ask whether similar 
selection pressures result in similar genetic changes (Hoekstra & 
Nachman, 2003). Homologous loci (i.e., the same genes) can be re-
peatedly used by unrelated species to produce identical phenotypes 
(Joron et al., 2006; Stern, 2013; Wood et al., 2005). Finding strong 
parallels at the genetic level suggests that there are genetic, devel-
opmental or evolutionary factors, which make certain genes more 
likely targets of natural selection. Nevertheless, there are also 
some clear cases where convergence results from different genes 
(Hoekstra & Nachman, 2003; Ng et al., 2008). For example, Roelants 
et al. (2010) report a striking example of convergence between two 
frog lineages, Xenopus and Litoria, which independently evolved the 
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trait variation. In this study, we identify and compare the loci that control subtle 
changes in the size and shape of forewing pattern elements in two Heliconius but-
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phenotyping approach to map the variation in red pattern elements across the whole 
forewing surface of Heliconius erato and Heliconius melpomene. These results are 
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tion for identifying small effect loci is somewhat improved with the multivariate ap-
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likely corresponding to the known patterning gene optix were found in both species 
but otherwise, a remarkably low level of genetic parallelism was found. This lack of 
similarity indicates that the genetic basis of convergent traits may not be as predict-
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same toxic skin secretions via different precursor genes (cholecys-
tokinin and gastrinķ u;vr;1|b;Ѵőĺ Ѵ|_o]_ 1om;u];m| ;oѴ|bom
refers to similar traits independently evolving in distantly related 
species, the term parallel evolution has been used to refer to the 
independent evolution of traits from a similar ancestral condition, 
or in closely related species, but at the phenotypic level, this line 
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parallel genetic evolution can be used specifically for similar traits 
evolving through similar genetic pathways (Stern, 2013), and it is in 
this sense that we use the term. The extent to which phenotypic 
convergence reflects similar or divergent genetic mechanisms is still 
being debated.
Theoretical work suggests that adaptive evolution likely follows 
a two-step model, where species initially undergo rapid pheno-
typic change, controlled by large effect loci, followed by smaller 
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b1_oѴvomķ ƐƖƑƕĸ uuķ ƐƖƖѶĸ "_;rr-u7 ;| -Ѵĺķ ƐƖѶƔőĺ | bv 1omvb7;u-
ably easier to identify loci of large effect than those of small ef-
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effect loci between convergent species, it is likely these findings do 
not represent the true complexity of the genetic architecture un-
derlying adaptive traits (Colosimo et al., 2005; Joron et al., 2006; 
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et al., 2004). Thus, if we move the focus of research away from dis-
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tative traits, a host of small effect loci could be revealed that may 
differ in the extent of parallelism they exhibit (Wood et al., 2005).
Heliconius butterflies have undergone adaptive radiations into 
multiple colour pattern races across the Neotropics, with wide-
spread phenotypic convergence between both closely and distantly 
related species, making the genus an ideal study system for investi-
gating the level of genetic parallelism that underlies repeated evolu-
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toxic, warningly coloured species converge onto the same wing co-
lour patterns as a mechanism to enhance predator avoidance learn-
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species allows us to ask whether parallel patterns of divergence in 
different species are generated using parallel genetic mechanisms 
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To date, most of our knowledge of the genetic control of wing 
pattern variation in Heliconius comes from studies focusing on 
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studies have identified a set of 5 toolkit loci, thought to control 
most of the pattern variation across the genus. On chromosome 15, 
the gene cortex controls yellow and white colour pattern elements 
(Joron et al., 2006; Nadeau et al. 2016), whereas the transcrip-
tion factor optix (chromosome 18) is responsible for most red and 
orange elements (Hines et al., 2011; Reed et al., 2011). The WntA 
gene (chromosome 10) controls various colour pattern characteris-
tics by controlling the size and shape of the black pattern elements, 
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colour elements, and this was recently shown to be due to a dupli-
cation of the transcription factor aristaless, found on chromosome 1 
(Westerman et al., 2018). Finally, the locus Ro (chromosome 13) con-
trols rounding and shape of the forewing band (Nadeau et al., 2014; 
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the homologue of the Drosophila ventral veins lacking (vvl) gene re-
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Heliconius has therefore been one of the taxa contributing to 
the paradigm that a high level of genetic parallelism exists between 
convergent species. However, there is limited genetic information 
for the more subtle variation in colour patterns, which is likely to be 
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pattern variation in Heliconius found that the toolkit loci also control 
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have directly investigated the extent of parallelism in the loci and ar-
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(FW) pattern between closely related subspecies of the co-mimics 
Heliconius melpomene and Heliconius erato=uol-m-l--m7;v|;um
Ecuador. Variation in the size and shape of the red band in these 
subspecies (or races) also segregates across a hybrid zone between 
Colombia and Ecuador and likely represents a natural evolutionary 
transition, allowing us to identify the loci underlying this parallel 
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in pattern variation across the entire wing surface, allowing us to 
consider multiple axes of trait variation at once (hereafter, multivar-
iate trait analysis), rather than simple discrete trait changes (Huber 
et al., 2015; Jones et al., 2012). The power of mapping studies to 
detect causal loci has been shown to greatly increase when the mul-
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the same loci with the same distribution of effect sizes have been 
used during the convergence of these two species.
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Heliconius erato demophoon and H. melpomene rosina individuals from 
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H. erato cyrbia and H. melpomene cythera individuals, respectively, from 
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Crossing F1 individuals together then generated F2 offspring, whereas 
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H. e. cyrbia female (Figure 1). The H. erato broods were used in a previ-
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a few hours of emergence, adult wings were removed and stored in 
glassine envelopes and bodies were stored in NaCl saturated 20% di-
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In total, three H. melpomene=-lbѴb;v;u;v;t;m1;7-m7v;7bm|_;
final analyses (two grandparents, five parents and 113 F2 offspring), 
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Ƒ
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ƖƒH. erato individuals were included in the principal component analy-
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& Tissue Kit following the manufacturer's instructions, with 
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with the enzyme PstI, which has a cut site approximately every 10 kb. 
b0u-ub;v;u;v;t;m1;7om-mѴѴlbm-b";tƑƔƏƏruo71bm]ƐƑƔŊ
0rr-bu;7Ŋ;m7u;-7vĺ-bѴ-0Ѵ;r-u;m|vo=|_;1uovv;v;u;bm1Ѵ7;7
at 2× higher concentration within the pooled library to produce a 
higher depth of coverage.
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ƒ
(Rastas, 2017). This programme is designed to work with low cov-
;u-]; _oѴ; ];mol; Őou u;71;7 u;ru;v;m|-|bomő v;t;m1bm] 7-|-
sets and can use pedigree information to impute and error cor-
u;1| " l-uh;uv |o bm=;u 1_uolovol-Ѵ bm_;ub|-m1; r-||;umv -m7
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ƐķƑ-m70-1h1uovvŐő];m;u-|bomv
Ő-7-r|;7=uolub;m;|-ѴĺķƑƏƐѶő
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u;1ol0bm-|bom 0u;-hrobm|vĺ ;=ou; v|-u|bm]ķ |_; v; o= ;-1_ bm7b-
vidual was confirmed by comparing the depth of coverage of the Z 
chromosome against a single autosome. Females have half the depth 
of coverage on the Z compared with the autosomes, as they only 
_-;om;1oro=|_;,ĺ-v;7om|_bvķom;H. melpomene individual 
was removed when the inferred sex could not be verified using the 
bm]vĺ$_; 	lo7Ѵ;-v um |o;ub= |_;r;7b]u;;ķ -m7- =u-
ther two individuals (one H. erato, one H. melpomene) were removed 
when the ancestry could not be confirmed.
We calculated and imputed the most accurate parental gen-
otypes and sex chromosomal markers using information from re-
Ѵ-|;7 r-u;m|vķ ]u-m7r-u;m|v -m7 o==vrubm]ķ vbm] |_; -u;m|-ѴѴƑ
lo7Ѵ; Őb|_ or|bomv ,blb| = 2 to also call markers on the Z 
chromosome and removeNonInformative =Ɛőĺ-uh;uv;u; |_;m
filtered to remove those with high segregation distortion (dataTol-
erance = 0.001). Next, markers were assigned to 21 linkage groups 
b|_ |_; ";r-u-|;_uolovol;vƑ lo7Ѵ;ķ _b1_ 1-Ѵ1Ѵ-|;v 	
scores between pairs of markers. For H. melpomeneķ	Ѵblb|v0;-
tween 10 and 25 were tested within this module, and a limit of 23 
used, as this gave the correct number of linkage groups with an even 
distribution of markers. For H. erato, markers were separated into 21 
linkage groups based on the chromosomal reference genome, and 
|_;mķ-	Ѵblb|o=ƐƏ-vv;7omѴ0;|;;ml-uh;uvbm;-1_o=
these groups, keeping the largest group per chromosome.
We added additional single markers to the existing linkage 
groups (with JoinSingles2all) and ordered the markers within 
each linkage group by maximizing the likelihood of the data (using 
u7;u-uh;uvƑőĺ);-vvl;7mou;1ol0bm-|bombm=;l-Ѵ;vķ-vbv
v|-m7-u7 bm ;rb7or|;u- Őu;1ol0bm-|bomƑ v;| |o Əő Ő"ol-Ѵ-bm;m
;| -ѴĺķƐƖƕƒőķ -m7l-Ѵ; u;1ol0bm-|bom-v v;| |oƏĺƏƔ Ő=oѴѴobm]
ouubv;|-ѴĺķƑƏƐƖőĺ$_;=bm-Ѵl-r1om|-bm;7r_-v;71_uolovol-Ѵ
marker data with imputed missing genotypes (using parameter 
o|r|_-v;7	-|- = 1). For the H. melpomene map, additional 
r-u-l;|;u_r;u_-v;u-vruob7;7|oblruo;r_-vbm]o=l-uh-
ers. For the H. erato map, the marker order was further checked 
against the marker order in the reference genome via parameters 
evaluateOrder = order.txt and improveOrder = 0, where order.txt 
contained the markers in the physical order from the reference.
bm-ѴѴķ ; v;7 Ѵo| |o bv-Ѵb; |_; l-rv -m7 1_;1h =ou
;uuouv bm l-uh;u ou7;uĺ m ;uuom;ov l-uh;uv |_-| 1-v;7 Ѵom]
gaps at the beginning or ends of the linkage groups were manu-
-ѴѴu;lo;7ĺ;mo|r;v;u;r_-v;7vbm];rŊŝvl-rƑ];m-
otypes.awk script, and markers were named using the map.awk 
v1ubr|-m7-Ѵbv|o=|_;"vv;7|oruob7;|_;v1-==oѴ7m-l;-m7
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  Ƒ Պ Ѵ|b-ub-|;-m-Ѵvbvo=t-m|b|-|b;-ub-|bombmu;7)0-m7v_-r;ķv_obm]_;-|l-rv=ou|_;-ub-|bombm|_;Ƒ];m;u-|bom
of H. melpomene (a) and H. erato (b). The colour relates to the proportion of individuals that have red pigmentation at each pixel, where 
7-uh;u1oѴouvbm7b1-|;]u;-|;u-ub-|bomĺubm1br-Ѵ1olrom;m|-m-Ѵv;vo=-ѴѴbm7bb7-Ѵv-1uovv|_;7b==;u;m|1uovvbm]];m;u-|bomvv_o_o
the parental variation segregates in H. melpomene (c) and H. eratoŐ7őĺo|;omѴƐ-m7Ƒ-u;v_om_;u;
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rovb|bomĺ -uh;uv |_-| _-7 ]uor;7 |o |_; uom] Ѵbmh-]; ]uor
based on genomic position were removed (<1% of the total mark-
ers). The final genetic map for H. erato contained 5,648 markers 
vru;-7o;uƑƐ Ѵbmh-];]uorvb|_- |o|-Ѵ Ѵ;m]|_o=ƐķƐѵƑĺƓ1
(Table S2), and for H. melpomene, the final map had 2,163 markers 
vr-mmbm]ƐķƓѵƖĺƖ1Ő$-0Ѵ;"ƒőĺ
ƑĺƔՊ|Պ_;mo|rb1-m-Ѵvbvo=|_;0uoo7v
)bm]v ;u; r_o|o]u-r_;7 vbm] - lom|;7 bhom 	ƕƏƏƏ 	"!
camera with a 40 mm f/2.8 lens set to an aperture of f/10, shut-
ter speed of 1/60 and ISO of 100, and paired Kaiser Fototechnik 
! ƔƏƏƓ Ѵb]_|v b|_ 7-Ѵb]_| 0Ѵ0vĺ ѴѴ r_o|o]u-r_v -Ѵvo bm1Ѵ7;7
an X-Rite Colour Checker to help standardize the colour of the im-
-];vĺ!)=oul-|bl-];v;u;v|-m7-u7b;7vbm]|_;Ѵ;;Ѵv|ooѴbm
7o0;_o|ov_or"ƑŐ(;uvbomƖĺƏőĺ
Red, green and blue values for red pattern elements were 
selected via the patternize v-lrѴ;!Őő =m1|bom bm ! Ő! ou;
$;-lķƑƏƐѶĸ(-m;ѴѴ;]_;l;|-ѴĺķƑƏƐѶőĺ$_;v;;u;ƑƐѶķƕƕ-m7
46 for H. erato and 211, 1 and 30 for H. melpomene. patternize used 
these values to extract the presence and distribution of red pattern 
elements across the dorsal side of each forewing. Offset values 
were incrementally increased until coloured areas included as much 
of the red forewing pigmentation as possible, while minimizing the 
-lom| o= 0-1h]uom7 ľmobv;Ŀ bm1Ѵ7;7 Ő;lbm]vom ;| -Ѵĺķ ƑƏƐƖőĺ
The final values were 0.24 for H. erato and 0.35 for H. melpomene.
To align the images, eighteen landmarks at wing vein inter-
sections (Figure S1) were manually set, using the Fiji distribution 
o= l-]; Ő"1_bm7;Ѵbm ;| -Ѵĺķ ƑƏƐƑőĺ -m7l-uh u;]bv|u-|bom b|_bm
the patternize package was used to align and extract the red 
pattern elements from each generation of the crosses. The vari-
-|bom ;|u-1|;7 -v vll-ub;7 bm - ķ -ѴѴobm] v |o ;-l-
ine the patterns of variation and covariation both among the red 
r-||;um ;Ѵ;l;m| 7-|- -m7 -1uovv |_; 7b==;u;m| ];m;u-|bomv Ő;;
;|-ѴĺķƑƏƐѶőĺ77b|bom-ѴѴķpatArea() was used to calculate the rela-
tive area of the colour pattern.
bm;-ul;-vu;l;m|v;u;-Ѵvo|-h;mom|_;7ouv-Ѵvb7;o=|_;
forewings, to measure how far towards the distal edge of the forewing 
the red band extended (hereafter, distal extension of the red FW 
band). Using wing veins as fixed reference points, a measurement 
was taken along the lower edge of the red FW band. Three other wing 
l;-vu;l;m|v;u;-Ѵvo|-h;m|ov|-m7-u7b;=oubm]vb;Ő-|;u
;|-ѴĺķƑƏƏƖĸb]u;"Ƒőĺ;-vu;l;m|v;u;1-uub;7o|vbm]l-];
and repeated for both left and right wings. Final values were then 
calculated by taking the average of the two band measurements and 
dividing it by the average of all the standardizing measurements.
ƑĺѵՊ|Պ -m|b|-|b;|u-b|Ѵo1vl-rrbm]-m-Ѵvbv
 -m|b|-|b; |u-b| Ѵo1v v1-mv ;u; 1-uub;7 o| -1uovv |_; ƑƏ --
|ovol;v vbm] !ņv_-r; $ Ő--uuoķ ƑƏƐƔő =ou lѴ|b-ub-|;
|u-b|v Őrubm1br-Ѵ 1olrom;m|v =uol |_; ő -m7 !ņt|Ѵ Őuol-m ş
";mķƑƏƏƖő=oumb-ub-|;|u-b|v Őu;70-m7-u;--m7Ѵbm;-ul;-vu;-
l;m|őĺm-Ѵv;v;u;umv;r-u-|;Ѵ=ouH. melpomene F2, H. erato 
F2 and the H. erato backcross. The Z sex chromosome had to be ex-
1Ѵ7;7=uol|_;!ņv_-r; $-m-Ѵvbv0|-vbm1Ѵ7;7bm|_;!ņt|Ѵ
analysis. Sex was included as an additive covariate in all analyses to 
account for possible sexual dimorphism in FW band elements (Klein 
ş7;u-D?foķƑƏƐƒőĺou-m-Ѵvbvo=Ƒ1uovv;vķ =-lbѴ-v-Ѵvo bm-
cluded as a covariate.
ou!ņt|Ѵ-m-Ѵv;vķ |_;-Ѵ;ŋmo|| Őő-Ѵ]oub|_l-v blrѴ;-
l;m|;7|ol-r $=ou-u;--m7)0-m7;|;mvbomĺ"|-|bv|b1-ѴѴ
vb]mb=b1-m| 	 |_u;v_oѴ7v ;u; 1-Ѵ1Ѵ-|;7 vbm] ƐķƏƏƏ r;ul|--
|bomv Ő_u1_bѴѴş	o;u];ķƐƖƖƓőb|_ perm.Xsp = T to get a sepa-
rate threshold for the Z chromosome. The test for linkage on the 
sex chromosome has 3 degrees of freedom compared with 2 for the 
autosomes, so more permutation replicates are needed (21,832 for 
H. erato-m7ƐƑķƖƐѶH. melpomene, compared with 1,000 permuta-
tions on autosomes) and the significance threshold is higher for the 
,1_uolovol;Őuol-m;|-ѴĺķƑƏƏѵőĺou;-1_ $-0o;|_;	
|_u;v_oѴ7ķ ƖƔѷ -;vb-m 1u;7b0Ѵ; bm|;u-Ѵv ;u; 1olr|;7 vbm]
bayesint() to refine its boundaries. To calculate the phenotypic vari-
-m1;|_-|;-1_ $;rѴ-bm;7ķ;v;7-lѴ|brѴ; $fitqtl model, 
_b1_1omvb7;uv $|o];|_;u |o bm1u;-v;1om=b7;m1; bm bm7bb7-Ѵ
loci and looks for interactions between them.
ou!ņv_-r; $-m-Ѵv;vķ-lѴ|b-ub-|;bѴѴ-b|u-1;|;v|-vv;7
to map traits. Here, it is necessary to limit the number of variables 
Ővő u;Ѵ-|b;|o|_;ml0;uo=v-lrѴ;v bmou7;u|ol-h;|_;;v|b-
l-|;vlou;uo0v|Ő-]-;|-ѴĺķƑƏƐƔĸouubv;|-ѴĺķƑƏƐƖőĺm|_;v;
-m-Ѵv;vķ-ѴѴv;rѴ-bmbm]>1% of the variation were included. Eight 
vŐ;-1_;rѴ-bmbm]ƐƏѷķƔĺƔѷķƑĺѶѷķƐĺѶѷķƐĺƕѷķƐĺƓѷķƐĺƑѷ-m7
1% of the variation, respectively) were used in the H. melpomene 
 $ -m-Ѵvbvķ _;u;-v Ɩ v ;u; bm1Ѵ7;7 bm |_; H. erato  $
-m-Ѵvbv=ou0o|_Ƒ-m70-1h1uovv;vŐ;rѴ-bmbm]ƖĺƕѷķƓĺƔѷķƒĺƔѷķ
ƑĺƐѷķƐĺƖѷķƐĺƓѷķƐĺƒѷķƐĺƑѷ-m7Ɛѷo= |_;-ub-|bomĸb]u;"ƒőĺ
Cumulatively, these explained only 25.4% of the overall variation in 
H. melpomene and 26.6% in H. erato.
);v;7;r-v;Ő_-ѴѴbv;|-ѴĺķƑƏƐѵő|oѴo1-|;|_;m;-u;v|];m;
and its Gene Ontology molecular function for markers with the 
_b]_;v|	v1ou;v bm vb]mb=b1-m| $ĺ = -mru;bovѴ b7;m|b=b;7
Heliconius wing patterning loci were known to fall on a chromosome 
1om|-bmbm]- $ķ;7;|;ulbm;7_;|_;u|_;v;=;ѴѴb|_bm|_;ƖƔѷ
-;vb-m1u;7b0Ѵ;bm|;u-Ѵvo=|_;v; $ĺ
To test for broad-scale genetic parallelism between species and 
to look for additive effects of multiple small effect loci, we deter-
mined the effect sizes of whole chromosomes by running a genome 
scan in the F2 crosses for both the univariate and multivariate traits 
vbm]omѴl-|;um-Ѵ-ѴѴ;Ѵ;vĺv|_;u;bvmou;1ol0bm-|bomo=l-|;um-Ѵ
chromosomes, maternal markers can be used to investigate chro-
mosome-level effects. To do this, the effects of paternal markers 
were ignored by setting all paternal markers to be the same allele 
Ő_;u; ; v;7 ľĿőĺ $_; H. erato and H. melpomene genomes are 
known to be highly syntenic (Kronforst et al., 2006; The Heliconius 
;mol;omvou|blķƑƏƐƑĸ(-m;ѴѴ;]_;l;|-ѴĺķƑƏƐƕőĸ|_;u;=ou;ķ
ѵՊ|Պ ՊՍ BAINBRIDGE ET AL.
   & !   ƒ Պ "_-r; $v1-mvo=|_;Ƒ];m;u-|bomo=H. melpomene (a) and H. eratoŐ0ő=ou|_;u;7r-||;um-ub-|bomŐ1-r|u;70|_;őĺ
	o||;7Ѵbm;vv_ovb]mb=b1-m1;|_u;v_oѴ7v=ou-77b|b;	v1ou;vĺ $v1-mv=ouu;Ѵ-|b;-u;-o=|_;u;7=ou;bm]0-ubmƑH. melpomene 
(c) and H. eratoŐ7őĺ $v1-mv=ou;|;mvbomo=|_;=ou;bm]0-m7bmH. melpomene (e), H. erato F2 (f) and H. erato backcross (g) generations. 
$_;u;;u;movb]mb=b1-m| $=ou0-m7;|;mvbom=om7bmH. melpomene
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.$     Ɛ Պ ѴѴvb]mb=b1-m| $=om7bm|_;lѴ|b-ub-|;-m-Ѵv;v=ouv_-r;-m7mb-ub-|;-m-Ѵv;v=ou-u;--m7)0-m7;|;mvbom
$u-b| -uh;u _u
ovb|bom
Ő1ő
	
v1ou; pŊ-Ѵ; o;ubm|;u-Ѵ &rr;ubm|;u-Ѵ
$ooѴhb|];m;
bmbm|;u-Ѵ
Heliconius erato
F2 Shape ;u-|oƐƐƏѶōѵƖƒƓƏƏѵ 11 52.2 4.32 .01 ;u-|oƐƐƏƑōƒƒƕƔѶƖ ;u-|oƐƐƐƔōƖѵƐѶƐ
;u-|oƐƒƏƐōƕƖƑƖƏѵƕ 13 27.7 8.45 <.001 Herato1301_60743 ;u-|oƐƒƏƐōƐƏƖƕƓƔƔƓ
Herato1801_1513748 18 0 5.43 <.001 Herato1801_1030457 ;u-|oƐѶƏƐōƑƖƔƖѵѵѵ Optix
 Shape None
F2 u;- ;u-|oƐѶƏƐōƐƔƐƒѶƖƒ 18 2 4.36 <.001 Herato1801_1030457 Herato1805_4761056 Optix
 u;- None
F2 FW band 
extension
;u-|oƐƒƏƐōƕƓƒƖƖƐѶ 13 27 4.67 .02 Herato1301_60743 ;u-|oƐƒƏƐōƐѶƏƖƕƑƖƓ vvl
 FW band 
extension
;u-|oƐƔƏƕōƒƔƔƏƖѵƖ 15 ƖĺƖƔ 5.4 <.001 Herato1501_26887 Herato1524_647720 Cortex
-|;um-ѴomѴ Shape  13  4.12 <.001
 18  5.13 <.001
u;-  18  2.44 <.001
FW band 
extension
 13  3.42 <.001
Heliconius melpomene
F2 Shape l;ѴƑƐѶƏƏƒoōƕѶƖƒѵƔƑ 18 38 ƓĺƏƖ .03 Hmel218002o_40635 l;ѴƑƐѶƏƏƒoōƐƓƕƖƐƔƒƖ Optix
u;- l;ѴƑƐƒƏƏƐoōƑƒѵƔƖƖ 13 10.6 5.27 .01 Hmel213001o_23517 Hmel213001o_726537
FW band 
extension
None
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FW band 
extension
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to test for parallelism we assessed whether there was a correlation 
between these chromosome-level effects between species, using a 
Spearman's rank correlation.
ƒՊ |Պ!"&$"
ƒĺƐՊ|ՊѴ|b-ub-|;-m-Ѵvbvo=u;70-m7v_-r;
Heat maps were used to visualize variation in the shape of the 
red forewing band and compare this between H. erato and H. mel-
pomene. Interestingly, although the heat maps for the F2 genera-
tion showed that the two species exhibited similar variation, the 
shape of the FW bands for H. melpomene and H. erato appears to be 
slightly different. H. melpomene showed marginally less overall vari-
ation and possessed a FW band that extended further towards the 
distal edge. However, it is clear that for both species, most of the 
variation occurred around the border of the FW band (Figure 2a,b). 
The parental races were nonoverlapping in phenotypic space in the 
ĺv;r;1|;7=ou-];m;|b1-ѴѴ1om|uoѴѴ;7|u-b|ķ|_;Ɛo==vrubm]
were intermediate, with F2 offspring having a wider distribution of 
phenotypic values that overlap with those of the parental races, 
and backcross offspring being skewed towards the backcross par-
ent (Figure 2c,d).
To find genomic regions controlling the variation captured by the 
ķ $v1-mv;u;1om71|;7=ou|_;Ƒ];m;u-|bomvo=0o|_vr;-
cies and for the H. erato =-lbѴĺo	v1ou;v;u;-0o; |_;
vb]mb=b1-m1;|_u;v_oѴ7=ou|_;];m;u-|bomĺo;;uķbm|_;H. erato 
Ƒ];m;u-|bomķ|_u;; $;u;=om7om1_uolovol;vƐƐķƐƒ-m7ƐѶĺ
$_;v;;rѴ-bm;7ƒĺƓѷķƓĺѵѷ-m7ƔĺƖѷo=|_;-ub-|bombm)u;71oѴou
pattern, respectively. For H. melpomeneķ-vbm]Ѵ;vb]mb=b1-m| $-v
found, also on chromosome 18. This explained 4.3% of the variation 
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-m7)7bv|-Ѵ0-m7;|;mvbomŐrurѴ;őĺƖƔѷ-;vb-m1u;7b0Ѵ;bm|;u-Ѵv-u;_b]_Ѵb]_|;7bm|_;u;vr;1|b;1oѴouvĺovb|bomom|_;Ѵbmh-];
]uorŐ1őbvv_omom|_;Ѵ;=|o=;-1_1_uolovol;ķ-m7|_;m-l;o=|_;vb]mb=b1-m|l-uh;uvbvv_omom|_;ub]_|ĺovb|bomvo=|_;|ooѴhb|
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(Figure 3a,b and Table 1). Chromosomes 13 and 18 harbour the known 
toolkit loci Ro (vvl) and optix,u;vr;1|b;Ѵĺm0o|_vr;1b;vķ|_;ƖƔѷ
-;vb-m 1u;7b0Ѵ; bm|;u-Ѵv om 1_uolovol; ƐѶ o;uѴ-rr;7 b|_ |_;
gene optix (Figure 4), although the interval was large in H. melpomene, 
spanning almost the entire chromosome. In the H. erato map, the 
l-uh;ub|_ |_;_b]_;v|	v1ou;-vomѴƐĺƔ1=uol|_;rovb-
tion of optixĺ$_;ƖƔѷ-;vb-m1u;7b0Ѵ;bm|;u-Ѵo=|_; $omH. erato 
chromosome 13, however, did not contain the gene vvl.
ƒĺƑՊ|Պ&mb-ub-|;-m-Ѵvbvo=u;Ѵ-|b;-u;-o=|_;
)0-m7
);-Ѵvor;u=oul;7 $l-rrbm]o=|_;mb-ub-|;|u-b|ķu;Ѵ-|b;-u;-
o=|_;u;7)0-m7ķ bm0o|_vr;1b;vĺvb|_|_;lѴ|b-ub-|;|u-b|
-m-Ѵvbvķmo	v1ou;v;u;=om7-0o;|_;vb]mb=b1-m1;|_u;v_-
old for the backcross generation. However, for the F2 generations 
of both H. melpomene and H. eratoķ vbm]Ѵ; vb]mb=b1-m|  $ ;u;
found (Figure 3c,d). In H. melpomene, this was on chromosome 13 
Ő	= 5.27, p = .01) and explained 17.4% of the variation, and in 
H. erato,|_; $-vom1_uolovol;ƐѶŐ	= 4.36, p < .001) and 
;rѴ-bm;7ƐѶĺƖѷo=|_;-ub-|bomĺOptix-vb|_bm|_;ƖƔѷ-;vb-m
credible intervals for the H. erato 1_uolovol; ƐѶ  $ķ -m7 |_v
could be a candidate locus here (Figure 4, Table 1). The gene vvl was 
mo|b|_bm|_;ƖƔѷ-;vb-m1u;7b0Ѵ;bm|;u-Ѵ=ou|_;H. melpomene 
1_uolovol;Ɛƒ $ĺ
Effect plots show that in H. erato, heterozygotes for the chro-
mosome 18 marker were on average closer in phenotype to homo-
zygotes for the demophoon Ő|_;-m-l-v0vr;1b;vb|_ Ѵ-u];u;7
bar) allele than homozygotes for the cyrbia allele, suggesting slight 
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dominance of demophoon, consistent with the general pattern 
whereby the presence of red pattern elements controlled by optix 
tends to be dominant. In contrast, in H. melpomene, heterozygotes 
for the chromosome 13 marker expressed slightly smaller FW bands 
than either homozygote, sometimes referred to as underdomi-
nance (Figure 5a,b).
ƒĺƒՊ|Պ(-ub-|bombm|_;7bv|-Ѵ;|;mvbomo=|_;u;7
)0-m7
To further investigate how the collection of phenotypic data altered 
the loci identified, we phenotyped and mapped individuals for the 
distal extension of the red FW band using more traditional linear 
measurements (rather than pixel-based pattern extraction). No sig-
mb=b1-m|  $ ;u; =om7 =ou H. melpomene (Figure 3e). However, 
in H. eratoķ|_;Ƒ];m;u-|bom_-7-vbm]Ѵ; $om1_uolovol;Ɛƒ
Ő	= 4.67, p = ĺƏƑőķ_;u;-v bm |_;];m;u-|bomķ - vbm]Ѵ; vb]-
mb=b1-m| $-v=om7om1_uolovol;ƐƔŐ	= 5.40, p < .001) 
Őb]u;ƒ=ķ]őĺ$_; $om1_uolovol;vƐƒ-m7ƐƔbm1Ѵ7;7vvl and 
cortex,u;vr;1|b;Ѵķb|_bm|_;buƖƔѷ1u;7b0Ѵ;bm|;u-Ѵvķ-Ѵ|_o]_|_;
bm|;u-Ѵv-u;Ѵ-u];Őb]u;Ɠķ$-0Ѵ;Ɛőĺ$_;Ѵo1b;rѴ-bm;7ƐƖĺƔѷ-m7
23.4% of the variation in the extension of the FW band in the F2 and 
];m;u-|bomvķu;vr;1|b;Ѵĺ
In the F2 generation of H. erato, the demophoon allele for the 
 $om1_uolovol;Ɛƒruo71;7-lou;;|;m7;70-u-m7v_o;7
slight dominance over the cyrbia allele. For the backcross generation, 
only two genotypes are possible (homozygote cyrbia or heterozy-
gote). Surprisingly, individuals with a cyrbia genotype at the chro-
mosome 15 locus had longer measures for the distal extension than 
heterozygotes (Figure 5c,d).
ƒĺƓՊ|Պ_uolovol;-Ѵ;;Ѵ-m-Ѵvbv|obm;v|b]-|;|_;
Ѵ;;Ѵo=];m;|b1r-u-ѴѴ;Ѵbvl
"l-ѴѴ;==;1| Ѵo1b-u;Ѵbh;Ѵ|o0;lbvv;7bm $-m-Ѵv;vb|_vl-ѴѴ
sample sizes due to lack of power. However, using a chromosome-
level analysis, we can look at the combined effects of multiple small 
effect loci. For example, if there are many small effect loci on a single 
linkage group, these may not be detected in the full genome scan, 
0||_;-77b|b;	v1ou;v1oѴ7u;-1_vb]mb=b1-m1;_;m1olr-u-
ing effect sizes of whole chromosomes. This can then be used to 
compare genetic architecture between species. This comparison of 
maternal alleles provides further evidence for differences in genet-
ics of this trait between species, as there are no parallel significant 
chromosomes. For H. erato, the results are very similar to those 
found with all markers, although only chromosomes 13 and 18 are 
detected as significant, with both affecting the multivariate trait, 
and 18 and 13 affecting the area and linear measurements, respec-
tively (Table 1, Figure S4).
For H. melpomene, chromosome 20 was found to significantly af-
=;1||_;lѴ|b-ub-|;|u-b|Ő	= 4.01, p = .01), which was not seen 
when all markers were used, suggesting there may be multiple small 
;==;1| Ѵo1b Ѵo1-|;7 om |_bv 1_uolovol;ĺ 	 v1ou;v =ou 0o|_ |_;
area and distal extension analyses were very low in H. melpomene, 
0||_;,1_uolovol;_-7|_;_b]_;v|	v1ou;=ou0o|_ķb|_-
significant effect on area (Table 1).
To test for parallelism in the combined effect of all markers on 
each chromosome, we compared the variance explained by each 
chromosome in H. erato and H. melpomene and found no correlation 
between the species in either relative area (rƐƖ = 0.16, p = .48) or FW 
band extension (rƐƖ =ƏĺƏƖķp = .71; Figure S5). The maternal chromo-
somes explain little of the overall variation in area, around 15% and 
32% in H. melpomene and H. erato, respectively. For FW band exten-
sion, 28% of the variation is explained in both species. However, this 
is not unexpected because the most that these maternal genotypes 
can explain is 50%, with the rest of the genetic variance coming from 
the paternal markers.
ƓՊ |Պ	"&""
Our analysis shows that complex variation in the size and shape of 
red pattern elements, in both H. melpomene and H. erato, is controlled 
by a small number of medium to large effect loci. The small amount 
of phenotypic variation explained by these loci suggests there are 
likely more loci of minor effect involved. These findings are broadly 
consistent with the theoretical prediction that an adaptive walk fol-
lows a two-step process, where single large effect loci evolve ini-
tially (during large trait shifts), but smaller modifier loci evolve later 
|ou;=bm;|_;v0|Ѵ;-ub-|bomŐb1_oѴvomķƐƖƑƕĸuuķƐƖƖѶĸ"_;rr-u7
;|-ѴĺķƐƖѶƔőĺ$ovol;;|;m|ķouu;vѴ|vvrrou|o|_;uu;1;m|v|7-
b;v-vv;u|bm]|_-|lѴ|b-ub-|; $v1-mv-u;0;||;u-0Ѵ;|o1-r|u;
the full magnitude or direction of shape changes, compared with 
mb-ub-|; l;-vu;l;m|v Ő-]- ;| -Ѵĺķ ƑƏƐƔĸ -ѴѴ-u;v ;| -Ѵĺķ ƑƏƐѵĸ
Rossato et al., 2018). Nevertheless, in both species we only detect 
om;-77b|bom-Ѵ $|_-|-vmo|7;|;1|;70;b|_;uo=|_;mb-ub-|;
l;-vu;l;m|vĺm-77b|bomķbm0o|_vr;1b;v;=bm7 $bm|_;mb-
variate analysis that were not detected in the multivariate analysis, 
=ou ;-lrѴ; |_;  $ om 1_uolovol; ƐƔ bm H. erato was found in 
a univariate but not multivariate scan. These two types of analysis 
could be capturing slightly different aspects of the phenotype, in 
r-u|b1Ѵ-u-ub-|bom;rѴ-bm;70|_;vmo|bm1Ѵ7;7bm|_;v_-r;
analysis.
l-fout;v|bom-vh;70|_bvv|7-v_;|_;uu;r;-|;7;o-
lution between converging species is reflected by the same or differ-
;m|];m;|b11_-m];vŐ-7;-;|-ѴĺķƑƏƐƓĸ];|-ѴĺķƑƏƏѶĸ-u1_;l
;|-ѴĺķƑƏƏƕőĺѴ|_o]_|_;hmoml-fou;==;1| Ѵo1voptix was re-
used in both species, we found less evidence for genetic parallelism 
between small effect loci. The transcription factor optix already has 
a well-defined role in the colour fate of scale cells acting as a switch-
like regulator between orange/red (ommochrome) and black/grey 
Ől;Ѵ-mbmő r-||;umv Ő-|;u ;| -Ѵĺķ ƑƏƏѶĸ -7;- ;| -Ѵĺķ ƑƏƐƓĸ !;;7
;|-ѴĺķƑƏƐƐőĺu u;vѴ|v-u;1omvbv|;m|b|_ru;bov $v|7b;v
and recent gene editing experiments, which have found that genetic 
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variation around the optix gene can also have subtle effects on the 
vb;-m7v_-r;o=u;7r-||;um;Ѵ;l;m|vŐ;bv;|-ѴĺķƑƏƐƖőĺ
Ѵom]b|_optix, other loci control variation in size and shape 
of these red elements (Nadeau, 2016). The most prominent 
of these is the WntA gene on chromosome 10, which has been 
shown to control the placement of melanic scales in both H. mel-
pomene and H. erato Őom1_- ;| -Ѵĺķ ƑƏƐƖĸ b]]bmvķ ƑƏƐƕĸ -u|bm
;|-ѴĺķƑƏƐƑĸ-bv0b|;|-ѴĺķƑƏƏƒőĺv;vr;1b=b1-ѴѴbm;v|b]-|;7
shape differences in red FW pattern elements, it is surprising 
|_-| ; 7b7 mo| =bm7 -m  $ķ _b1_ lb]_| 1om|-bm WntA. This 
result indicates that the shape of red pattern elements studied 
in the crosses here may follow a divergent process to what has 
been studied in other crosses previously, and that alleles other 
than those contained within WntA are having an effect here. 
Ѵ|;um-|b;Ѵķou $-m-Ѵvbvl-_-;0;;mm-0Ѵ; |o7;|;1|
effects of WntA with the sample sizes used here, if they had a 
vl-ѴѴ;==;1|Ő;-bvķƐƖƖѶőĺ$_;Ѵbmh-];l-rv=ou0o|_vr;1b;v_-7
a marker less than 170kbp from the position of WntA, so it is likely 
that any medium to large effect alleles at this locus would have 
been detected.
m1om|u-v|ķ;7o=bm7 $om1_uolovol;Ɛƒ1om|-bmbm]|_;vvl 
gene. This locus is less well studied but has previously been identified 
as controlling forewing band shape variation in both H. erato (Nadeau 
;|-ѴĺķƑƏƐƓĸ"_;rr-u7;|-ѴĺķƐƖѶƔĸ(-m;ѴѴ;]_;l;|-ѴĺķƑƏƐƕő-m7
H. melpomeneŐ-|;u;|-ѴĺķƑƏƏƖĸouubv;|-ѴĺķƑƏƐƖőĺu=bm7bm]
o=- $=ou7bv|-Ѵ;|;mvbomo=|_;=ou;bm]0-m7|_-|o;uѴ-rvb|_
the gene cortex in H. erato is more surprising. Often, cortex is de-
scribed as having control over yellow/white (rather than red) wing 
pattern elements in both species (Joron et al., 2006; Nadeau, 2016). 
However, some studies have begun to acknowledge the potential 
alternative effects of this locus. Nadeau (2016) suggested that the 
effect of cortex on colour might vary with the developmental stage 
that it is upregulated in, whereas others have found evidence for 
an epistatic interaction between cortex and optix in H. melpomene 
Ő-u|bm ;| -Ѵĺķ ƑƏƐƓĸ "-Ѵ--uķ ƑƏƐƑőĺ $_vķ b| bv rovvb0Ѵ; |_-| cortex 
is controlling red band shape through an epistatic relationship with 
optix, which may explain why it is detected in the backcross but not 
the intercross F2.
Two novel patterning loci were identified on chromosomes 11 
-m7 Ɛƒĺ $_;v;  $ Ѵbh;Ѵ u;ru;v;m| vol; o= |_; vl-ѴѴ ;==;1| Ѵo1b
that form the latter half of the hypothesized two-step model 
ŐuuķƐƖƖѶőĺoru;bovv|7b;v_-;b7;m|b=b;7- Ѵo1v1om|uoѴѴbm]
forewing red pattern variation on chromosome 11 in either species, 
and we appear to identify a locus on chromosome 13 that does not 
overlap with vvl.
With the sample sizes analysed, we lack the power to detect loci 
of small effect and our multivariate analysis explained about 25% of 
the total variation in shape. Therefore, it is completely possible that 
there are parallels in minor effect loci between species that we sim-
ply fail to detect. Nevertheless, further support for a lack of genetic 
parallelism comes from the analysis of only maternal alleles, where 
minor effects will be summed across the whole chromosome. We 
do not see evidence of the same chromosomes containing genes for 
forewing band patterning across species. However, to be detected 
as significant, the cumulative effect of the loci across the chromo-
some would need to be somewhat greater than the effect of a single 
locus found in the scans using the full data, as variation coming from 
the paternal chromosomes will act as additional noise in this analysis. 
Ѵ|_o]_|_;v1-mv=ouH. erato showed the same chromosomes to 
be significant as the full analysis (13 and 18), scans of H. melpomene 
revealed chromosomes 20 and Z as significant. These were not seen 
in the full analysis, suggesting there may be multiple small effect loci 
on these chromosomes. There is previous evidence for a locus con-
trolling forewing band shape on chromosome 20 in H. melpomene 
(Nadeau et al., 2014), which could be a possible candidate. The Z 
u;vѴ|1oѴ7u;=Ѵ;1|v;-Ѵ7blour_bvlu-|_;u|_-mv;Ѵbmh-];ĺov|
of these offspring are from one cross direction, so sex and mater-
nal Z genotype are highly confounded in this analysis: only males 
will inherit a maternal Z chromosome (females inherit a W, which we 
lack markers for), and this will almost exclusively by from the cythera 
grandparent (with the exception of seven individuals that had a ros-
ina maternal grandfather).
When phenotypic convergence is reflected by convergent ge-
netic mechanisms, it supports the idea that genetic evolution is fairly 
constrained, and therefore that adaptive evolution may be predict-
-0Ѵ;ŐovovķƑƏƐƐĸ"|;umşu]o]ooķƑƏƏѶőĺolr-u-|b;l-rrbm]
studies in Heliconius find evidence for homologous wing patterning 
loci, thus leading to a general perception that genetic evolution 
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-r- ;| -Ѵĺķ ƑƏƏѶőĺ
However, despite finding genetic parallels with optix in this study, 
o|_;u $b7;m|b=b;77omo|v_ovblbѴ-ub|b;vĺm-77b|bomķ|_;r_;mo-
typic effect of optix appears to differ between species, with an ef-
fect on band area in H. erato but only on band shape in H. melpomene. 
This suggests that evolution at the genetic level in Heliconius is not 
as predictable as first thought, thus indicating that perhaps large 
phenotypic changes, relating to the initial steps of the hypothesized 
two-step model, are much more constrained, and therefore re-
peatable, than the latter half of the model (relating to subtler trait 
shifts).
t;v|bom |_-| |_;m u;l-bmv bvķ_-|l-h;v1;u|-bm Ѵo1blou;
likely to evolve in parallel over others? It is possible that finding 
genetic hot spots is a mere reflectance of biases in the research; 
focusing on known candidate genes is considerably easier than 
b7;m|b=bm]mo;Ѵom;vŐom|;;|-ѴĺķƑƏƐƑőĺ77b|bom-ѴѴķb7;m|b=bm]
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(Rockman, 2011). One reason that certain loci are highly re-used 
in adaptation, whereas others are not, could be their genetic archi-
tecture. Optix has been shown to have a complex modular architec-
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where a gene affects multiple different traits, is often assumed to 
be purged in evolution as it rarely results in solely advantageous 
changes. However, genes that are able to integrate multiple upstream 
regulatory elements and, in turn, alter specific phenotypes without 
causing any knock-on deleterious effects will be favoured in adap-
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hot spots for adaptive change across the Heliconius genus due to 
their ability to guide large effect mutations, without deleterious ef-
=;1|vomo|_;u|u-b|vŐb]]bmvķƑƏƐƕĸ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et al., 2011).
ƔՊ |Պ&"
u;bovv|7b;v_-;o=|;m=o1v;7oml-fou;==;1|Ѵo1b|_-|-==;1|7bv-
crete pattern changes in Heliconius. In contrast, this study has demon-
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to identify a greater number of smaller effect loci in a single analysis, 
bm|umt;v|bombm]|_;uoѴ;o=-vblrѴ;];m;|b1ľ|ooѴhb|ĿbmHeliconius. 
Combining this study with previous findings builds a picture of a genetic 
architecture that is consistent with the theoretical two-step model 
of evolution. However, finding that genetic parallels are not as wide-
spread as first expected suggests that the individual path each species 
takes along this adaptive walk is likely less predictable than previously 
thought.
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